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EFFECTS OF THE ATMOSPHERIC-LITHOSTATIC PRESSURE RATIO
ON EXPLOSIVE CRATERS IN DRY SOIL

By Robert W. Herr
Langley Research Center

SUMMARY

The effects of the atmospheric pressure on the size of explosive craters was exper-
imentally investigated by detonating small spherical high-explosive charges at various
depths in a bed of dry, particulate soil contained within a vacuum cylinder. The results
indicate that for surface explosions atmospheric pressure has little effect on crater
dimensions, but for charges buried beneath the surface the dimensionless ratio of atmo-
spheric pressure to lithostatic pressure can be of major importance. For a constant
value of this pressure ratio and a range of charge masses of nearly 11 orders of magni-
tude, crater dimensions were found to vary as the fourth root of the charge mass and
inversely as the fourth root of the product of the soil density and gravitational accelera-
tion. Soil permeability was found to have an appreciable effect on crater dimensions.

For cratering experiments conducted under standard atmospheric pressure and
gravity conditions, the atmosphere had a relatively greater effect on the small explosions
than on the large ones at a given value of the charge-depth parameter.

INTRODUCTION

In future lunar or planetary operations, it may prove expedient to utilize the high-
energy density of high explosives to blast craters for such purposes as geological experi-
ments, mining operations, or site alteration for shelter construction. In view of the high
transportation costs to the extraterrestrial test site, it is desirable that a given mass of
high-explosive charge be detonated at the burial depth which will result in the largest
possible crater. To achieve this goal, it is necessary that any effects of gravity or
atmospheric pressure on the craters formed by explosives be taken into account.

As noted in reference 1, early attempts to correlate terrestrial explosive-crater
dimensions were based on cube-root scaling in which the crater dimensions are assumed
to vary as the cube root of the explosive energy. When identical charge materials and
soils are used in cratering experiments, the principle deficiency associated with this
direct dimensional scaling is the nonscaling of the viscous and gravity dependent forces.



To simulate the gravity forces, the effective acceleration must be increased by the same
factor that the burial depth is reduced (i.e., gd = Constant). See references 2 and 3.
The use of cube-root scaling to compare 1-g cratering experiments implies that gravity
has no effect on crater dimensions. For small explosions in rock or soils of appreciable
strength, this implication is approximately correct if, as is generally assumed, most of
the energy is used in fragmenting the rock and a relatively small amount is required to
lift the ejecta from the crater. As the explosive energy is increased and the burial depth
is increased correspondingly, however, a larger fraction of the available energy must be
devoted to lifting the ejecta from the crater. For extremely large events, it is probable
that gravity forces become all important while soil strength is of little consequence.
Thus, when crater dimensions from 1-g field experiments are compared by means of
cube-root scaling, the larger explosions produce relatively small-scaled crater

dimensions.

When it became apparent that cube-root scaling would not adequately scale the
larger terrestrial explosive craters it was suggested that these larger craters might
correlate better by fourth-root scaling {ref. 2). Although gravity dependent forces are
taken into account by fourth-root scaling, its use gives rise to several violations of sim-
ilarity when, as is usually the case, the strength and sonic velocity of the soil and the
pressure and viscosity of the atmosphere remain constant for experiments of different
magnitude. The charge radius is also a source of similarity violation when the same
explosive is used in experiments of different magnitude. As noted in references 1 and 2,
the qualitative effect of any or all of these violations of similarity is to produce larger
fourth-root scaled crater dimensions for the larger explosions.

In view of these results, it would appear that improved correlation of terrestrial
explosive-crater dimensions might result if a scaling exponent between 1/4 and 1/3 were
used. This empirical approach has been taken by many investigators (refs. 4 to 9) and
some have found an exponent of approximately 3/10 to best fit terrestrial cratering data.
As noted in reference 1 Chabai and Hankins suggest an overburden scaling which is, in
effect, a sliding exponent varying from 1/3 for small charges to 1/4 for the largest.

While terrestrial crater dimensions can be predicted reasonably well by these approaches,
such empirical scaling is of questionable value for predicting crater dimensions on the
lunar or planetary surfaces where the atmospheric pressure and gravitational acceleration
are radically different from those on earth.

Although correlation of terrestrial craters by means of fourth-root scaling is poor
due to several violations of similitude, it may prove possible to minimize some of these
effects in the simulation of lunar explosive craters in the laboratory. Of the variables
noted previously as contributing to lack of similitude in terrestrial field tests, nonscaling
of the soil strength is generally held to be the most serious and has received the most
attention from investigators. If the lunar cratering experiments are restricted to the soil
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above the bedrock, the effects of nonscaling of the soil strength as well as the sonic
velocity could be held to a minimum by conducting laboratory experiments in a cohesion-
less soil which rapidly dissipates the energy of a shock wave. Simulation of the lunar
atmospheric pressure would require the laboratory experiments to be conducted in a
vacuum chamber,

Perhaps the least appreciated of the similitude violations occurring in all terres-
trial field tests and in most laboratory cratering experiments is that caused by the nearly
constant atmospheric pressure. For any given subsurface explosion it is apparent that
any pressure in addition to that due to the weight of the soil (lithostatic pressure) will
retard the expansion of the gases and result in smaller crater dimensions. For simi-
larity of experiments at any given value of the charge-depth parameter, the dimensionless
ratio of the atmospheric to lithostatic pressures p/pgd must be constant. The magni-
tude of this scaling violation for large-scale field tests is evident in cratering data
obtained from reference 1 and shown in figure 1 in which the fourth-root crater-radius
parameter is plotted as a function of the scaled depth of burial in Nevada desert alluvium
(a lightly cemented mixture of sand and gravel). The ratio p/pgd is noted beside each
data point. Although there is a paucity of data at any given pressure ratio, trends are
discernible as indicated by the faired curves for pressure ratios of 0, 0.25, 1.0, and 2.0.
Should these trends be verified by further experiments, it would indicate that atmospheric
pressure does have a major effect which cannot be ignored in any comprehensive study of
explosive cratering. Further exploration of this significant effect appears warranted.

To better define the effects of the dimensionless ratio of atmospheric to lithostatic
pressures on crater dimensions, an experimental investigation has been carried out in a
large vacuum cylinder at Langley Research Center where small spherical charges of high
explosives were detonated at various depths in sand, ground limestone, and a mixture of
the two. Data from these experiments and existing small-scale high-g explosive-cratering
data are compared with data from large-scale field experiments. Based on the results of
this comparison, equations are developed for predicting explosive-crater dimensions in
cohesionless soils on the lunar and Martian surfaces.

A motion-picture supplement L.-1105 has been prepared and is available on loan.
A request card and a description of the film will be found at the back of this paper.

SYMBOLS
c sonic velocity of soil, m/s

d burial depth of explosive charge, m



g gravitational acceleration, m/s2

h maximum depth of crater from original ground level, m
K permeability coefficient of soil, cm?2

M effective mass of explosive charge, kg of TNT

p atmospheric pressure, N/m2

r radius of crater at original ground level, m

A" volume of crater below original ground level, m3

p mass density of soil, kg/m?2

o) internal-friction angle of soil, deg

MECHANISMS OF CRATERING

Based upon observations of many large-scale explosive-cratering experiments,
Nordyke (ref. 10) has constructed a qualitative picture of the principal mechanisms
involved in cratering. These mechanisms include compaction and plastic deformation of
the material in close proximity to the explosion, spalling of material from the surface
above the explosion by reflection of the compression wave, and acceleration of the frac-
tured material by the expanding high-pressure gases. The relative magnitude of the role
that each mechanism plays in cratering varies not only with the burial depth of the charge
but is also very much dependent on the magnitude of the event, the soil characteristics
(strength, speed of sound, transmissibility, permeability, etc.), and the characteristics of
the explosive itself (rate of detonation, heat of explosion, gas production, etc.). In general
terms, however, it may be said that for surface explosions, a small crater is formed pri-
marily due to compaction, plastic deformation, and the scouring action of the high-velocity
gases. For shallow burial depths, spalling becomes the major process in the formation of
the crater. Gas acceleration and scouring action are of only minor importance because of
the high-initial velocity given to the soil by the spalling process. At the optimum burial
depth (largest resulting crater) acceleration of the material by the expanding gases
becomes the dominant feature of the cratering process. Spalling becomes of lesser
importance due to attenuation of the shock waves in traversing the greater distance to the
surface. For very large burial depths, falling of material into an underground cavity



produced by plastic deformation and compaction appears to be the major cratering
mechanism.

Although a range of burial depths sufficient to cover all of these mechanisms was
covered in the current investigation, the primary interest was in obtaining the largest
possible crater from a given mass of high explosive.

It is of interest to note that the major cratering mechanism at optimum burial depth
(acceleration by expanding gases) is not present in impact cratering events. In the
absence of this cratering mechanism it is unlikely that atmospheric pressure has an
appreciable effect on impact crater dimensions. As noted in reference 11, for the same
energy expenditure, impact crater dimensions are comparable to those resulting from
the detonation of high explosives at shallow burial depths.

APPARATUS AND TEST PROCEDURE

Explosive Charges

The spherical charge used in all experiments is depicted in figure 2 and consisted
of approximately 130 mg of silver azide (AgN3) pressed to a density of 4000 kg/m3 sur-~
rounded by approximately 704 mg of PETN pressed to a density of 1700 kg/m3. The
combined heat of explosion is 4300 joules (from ref. 12). Although cratering laws are a
function of the energy expended, it is common practice to replace the energy term in
cratering parameters with the mass of the charge. The charge mass M for a cratering
experiment is customarily given as the equivalent mass of TNT. Three of the more com-
mon methods of comparing the TNT equivalence of various explosives are the heat of
explosion, the ballistics-mortar tests, and the Trauzl lead-block tests. The PETN to TNT
equivalence as measured by these three methods and tabulated in reference 12 are 128,
145, and 173 percent, respectively. It should be noted, however, that the TNT equivalence
of a particular explosive is not a constant factor but rather a variable depending on the
soil characteristics and the particular application. For example, an explosive such as
ammonium nitrate has a much lower detonation velocity than TNT and is therefore rela-
tively inefficient in blasting operations where it is necessary to fracture hard rock. On
the other hand, ammonium nitrate is relatively efficient for the excavation of loose or
easily fragmented soils.

PETN with its high rate of detonation would be very effective in fracturing hard
materials but not so effective in the present application where the primary interest is in
excavating the maximum amount of loose granular material. This is particularly true
when it is recalled that at the optimum burial depth spalling effects have diminished
appreciably especially for small-scale explosions. Since the acceleration of the ejecta
by the expanding gases appears to be the major cratering mechanism at optimum burial



depths, it would seem more appropriate in this instance to base the PETN to TNT and
silver azide to TNT equivalences on the relative amount of gases produced by the explo-
sives. Based on the volume of gas produced (ref. 12), 0.704 gm of PETN and 0.13 gm of
AgN3g is found to be equivalent to a charge mass of 0.82 gm of TNT (M = 0.00082 kg).

Test Media

The spherical charges were detonated in three different soils; 68 in sand, 31 in
ground limestone, and 35 in a mixture of 30 percent ground limestone and 70 percent
sand by weight. The particle size and density, void ratio, internal-friction angle, and
permeability to gases are given in the appendix.

The soil bed was prepared for each test by first excavating (by shovel) a crater
appreciably larger than that anticipated in the test. The soil was then replaced a few
centimeters at a time and raked with an ordinary garden rake until the desired burial
depth of the charge was reached. The charge was then planted and the filling and raking
process continued until the crater was filled. The surface was leveled with a screed. In
situ densities of 1520, 1240, and 1600 kg/m3 were measured for sand, ground limestone,
and the mixture, respectively, when the bed was prepared in this manner. For most of
the tests in ground limestone, the bed was packed to a higher density of 1450 kg/m3 by
refilling the crater a few centimeters at a time as before and at each level applying a
constant force to a circular disc placed within the crater.

Test Procedure

For these experiments the soils were placed in a container measuring 2.44 meters
square by 0.61 meter deep within a 16.8-meter vacuum cylinder at the Langley Research
Center. To make certain that the craters resulting from the explosions were not affected
by shock waves rebounding from the bottom of the container, three charges were detonated
in the container filled with sand to depths of 30.5, 46, and 61 ¢cm. Burial depth of the
charge for all three experiments was 13 cm. Differences in the resulfing craters were
small and within the normal scatter.

To determine the effects of the atmospheric pressure on crater dimensions, each
charge was buried at a depth to produce the desired value of the charge-depth parameter
d(pg/M) 1/ 4. The vacuum cylinder was then pumped down to give the wanted pressure
ratio p/pgd.

Crater measurements were made with the aid of the adjustable probes depicted in
figure 3. Most of the craters were symmetric and depth measurements were taken along
one radius only. The area moment (about the crater center line) of the resulting profile
was measured with the aid of an integrator and multiplied by 27 to obtain the crater

volume,
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RESULTS AND DISCUSSION

Effect of Atmospheric Pressure

The experimental results of the 134 explosions in three soils are shown graphically
in figures 4 to 8, pictorially in figures 9 to 13 and in tabular form in table I, Crater pro-
files are given in figures 14 to 17 where repeated tests are shown by solid or half-open
symbols.

In figures 4, 5, and 6 the fourth-root radius, depth, and volume parameters are
plotted as a function of the charge-depth parameter for the tests in sand, ground lime-
stone, and a mixture of the two, respectively. Curves are faired through the data points
for discrete values of the dimensionless ratio p/pgd ranging from 0.01 to 50.

Sand.- As may be observed in figure 4, the ratio of atmospheric to lithostatic pres-
sure has a major effect on the crater dimensions. In general, as the charge depth is
increased, the curve for a given pressure ratio initially follows the curve obtained for a
near vacuum (—p& = 0.1) but reaches its peak at a smaller burial depth and the higher the

ratio, the smaller is this optimum burial depth. For an atmospheric to lithostatic pres-
sure ratio of 0.1 in sand, the optimum value of the charge-depth parameter based on
crater radius (see fig. 4(a)) is approximately 13 whereas for a pressure ratio of 50, it
has dropped to 3.5. There is no reason to suspect that this trend will not continue for
even higher values of p/pgd. It is interesting to note that the range of parameters
covered in these small-scale laboratory experiments represents an extremely large
range of charge size for terrestrial field tests at standard atmospheric pressure. For
instance, the optimum value of the charge-depth parameter of 3.5 for a pressure ratio of
50 would correspond to the detonation 0.034 kg of TNT at a depth of 0.14 meter whereas
11.1(10)6 kg of TNT at a depth of 68 meters would be required for a pressure ratio of 0.1
and a value of the charge depth parameter of 13.

Comparing figure 4(a) with figure 4(b) it may be seen that the optimum charge depth
in sand based on crater depth is considerably different than the optimum charge depth
based on crater radius. For a pressure ratio of 0.1, the optimum charge depth based on
crater depth is about 5 as opposed to 13 when based on the radius.

Nearly identical crater dimensions were obtained in sand for two surface explosions
for which the atmospheric pressures were 0.133 and 101.3 kN/m2 (see table I) which indi-
cates that the atmospheric pressure has little effect on crater dimensions for surface
explosions.

It is of interest to note that for the larger burial depths in sand a modest decrease
in the pressure ratio from 0.5 to 0.1 has a large effect on crater dimensions whereas



decreasing the pressure ratio another order of magnitude to 0.01 has a negligible effect.
(See fig. 4.)

Data points designated by X are also included in figure 4 to show the crater dimen-
sions for five experiments at varying charge depths for which the pressure was standard
atmospheric pressure. Starting at the surface and increasing the burial depth, the ratios
of atmospheric to lithostatic pressure for these tests are «, 320, 158, 105, and 79.
These data points are included only as an indication of the inadequacy of small-scale
laboratory cratering experiments in which the effects of atmospheric pressure are not
considered.

A close examination of the data points in figure 4 shows that many of the faired
curves should break sharply to the right at values of the charge-depth parameter appre-
ciably greater than the optimum, thus indicating that further increase of the burial depth
has only a small effect on crater dimensions. Because the optimum burial depth was of
primary interest, and for the sake of clarity, this portion of the faired curve was omitted.
For these deep (relative to the optimum burial depth) explosions in a cohesionless soil it
is likely that the chief cratering mechanism is subsidence of the sand into an underground
cavity produced by compaction.

Referring to figures 14(e), 14(g), 14(h), and 14(j) it may be observed that mounds
appear at the bottom of several of the craters in sand. Although these mounds have little
or no effect on the crater radii and only a small effect on crater volume, the effect on
crater depth is appreciable. The concave portion of the crater-depth curve (see fig. 4(b))
for Epd = 0.1 is at least partially attributable to these mounds.

The formation of a few of these mounds is apparent in high-speed motion pictures
of the explosions. For some of the smaller burial depths the explosion throws some of
the ejecta upward and inward into a slender column of sand (see fig. 9) which then
descends into the crater. High-speed motion pictures were taken of 27 of the 68 explo-
sions in sand. Of these 27 experiments, a column of sand was apparent in only 5 of them
while mounds appeared in 14 of the resulting craters. The experiments for which motion
pictures were obtained are indicated in figure 8. There is the possibility that all of the
mounds were produced by sand columns, most of which were obscured from view in the
motion pictures by the outer envelope of ejecta. Mounds could also be formed by the
slumping of sand from the initially steep crater walls.

Another possible means by which some of these mounds were formed is suggested
by results reported in reference 13 which describes an experimental investigation of soil
erosion due to jet impingement in a vacuum. For experiments in fine soils it was found
that the small crater formed by jet erosion was sometimes destroyed upon shutdown of
the jet by the rapid expansion to the surface of gases which had penetrated the soil in the
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stagnation region during the run. Further experiments and an analysis of this phenomena
are reported in reference 14. It would seem plausible that mounds could be formed in the
bottom of explosive craters in a similar manner, especially at the greater burial depths.
As the high-pressure bubble of gas expands toward the surface, some of the gas diffuses
in all directions through the permeable sand. Upon venting of the gas bubble, the gases
diffused in the sand beneath the crater escape upward toward a region of lower pressure
throwing sand from the sloping crater walls toward the center of the crater.

Ground limestone and mixture of sand and ground limestone.- Although the primary

goal of determining the magnitude of the effect on crater dimensions of variations in the
ratio of the atmospheric to lithostatic pressure was achieved by the tests in sand, further
tests were undertaken to observe the effects of less permeable materials. Because of its
small particle size, ready availability, and economy ground limestone was chosen as a
test material. Charges were detonated in the ground limestone alone and in a mixture
consisting of 30 percent ground limestone and 70 percent sand by weight. The ground
limestone and the mixture of ground limestone and sand were found to be less permeable
to gases than sand by factors of approximately 400 and 40, respectively (see the appendix).
The internal angles of friction for the ground limestone, the mixture, and the sand were
36.50, 349, and 339, respectively.

In figure 5, the fourth-root radius, depth and volume parameters for the experi-
ments in ground limestone are plotted as a function of the charge-depth parameter. The
initial tests were made at a pressure ratio of 0.1 in limestone loosely raked to a density
of 1240 kg/m3. Tests in the loosely packed limestone were discontinued when it was
found that in some cases the surface subsided below its original level out to a distance
well beyond the crater proper making it impossible to measure the crater radius or vol-
ume with any degree of accuracy (see figs. 15(d) to 15(h)). This problem was avoided by
compacting the ground limestone to a density of 1450 kg/m3 before each of the remaining
21 tests. As may be seen, the density of the limestone had little effect on the crater-
radius and crater-volume parameters for a pressure ratio of 0.1 except at the greater
burial depths.

The fourth-root radius, depth, and volume parameters for the experiments in the
mixture of limestone and sand are plotted in figure 6 as a function of the charge-depth
parameter. Comparing figures 4, 5, and 6, it may be seen that although the trends of the
crater dimensions are the same as the charge-depth parameter or pressure ratio is
varied, there are appreciable differences in the cratering data obtained in sand, ground
limestone, and a mixture of the two. The largest differences are in crater depth. The
optimum burial depth (based on crater depth) for a pressure ratio of 0.1 has increased
from approximately 6 in sand to 17 in ground limestone and about 12 in the mixture.
Contrary to the results obtained in sand, the optimum burial depths based on crater radii



are nearly the same as those based on crater depth or crater volume in limestone or the
mixture. Although there were no mounds at the bottom of the limestone craters (see
figs. 15 and 16) as there were in sand, the crater-depth curve for a pressure ratio of 0.1
(see fig. 5(b)) is still inexplicably concave at medium burial depths.

For ease of comparison, the faired crater radius versus charge-depth curves for

ﬁ = 0.1 of figures 4(a), 5(a), and 6(a) are reproduced in figure 7. The curves for
g
ground limestone and the mixture both fall below the data obtained in sand at the small to

medium charge depths and above at the largest burial depths. The optimum burial depth
based on crater radius is approximately 13 in sand, 17 in the ground limestone, and 15 in
the mixture of ground limestone and sand.

Photographs of craters in three soils.- The effect of the dimensionless ratio p/pgd
on explosive craters in sand, ground limestone, and the mixture of the two is pictorially
illustrated in figures 10, 11, and 12, respectively. Each set of photographs shows the
craters resulting from detonation of charges at a constant value of the charge-depth
parameter and several values of the pressure ratio. As the pressure ratio is increased,
the crater dimensions are seen to become smaller in each case while the crater lip gen-
erally becomes larger. The crater lips in sand are smooth and symmetric but for the
greater charge depths in ground limestone or the mixture the lips are uneven and exhibit
radial rays and troughs. A similar trend with particle size was noted in reference 13 for

craters formed by erosion due to jet impingement.

Figure 13 is a frame taken from high-speed motion pictures of the detonation of a
charge in sand at a value of the charge-depth parameter of 11.3 and a pressure ratio of
0.1. The thin veil of material preceding the primary dome of ejecta was evident only in
sand at medium burial depths and low-pressure ratios. Although this phenomena was not
investigated further, it was noted that the velocity of the material in the veil dropped off
rapidly with increasing burial depth which suggests that this material may have been
ejected from the surface by shock-induced particle motion.

Comparison With Large-Scale Field Experiments

As mentioned previously, early attempts to correlate the crater dimensions of field
experiments utilized cube-root scaling which proved satisfactory over a limited range of
charge size. In figure 18(a) the crater radii obtained in the Nevada-desert-alluvium
cratering tests are compared with crater radii of the present small-scale tests in sand

by means of cube-root scaling. Only the upper boundary (p_lg)-a = 0.1> of the small-scale

test is shown. The correspondence is poor.
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In figure 18(b) the large-scale alluvium data are compared to the small-scale tests
in sand by means of three-tenths power scaling. Although this empirical scaling succeeds
fairly well in reducing the alluvium field tests to a common basis, it does not correlate
these field results well with the current small-scale experiments.

The crater dimensions from the large-scale alluvium tests are compared with those
of the small-scale experiments in sand by means of fourth-root scaling in figure 19.
Considering that the effective charge masses cover a range of 11 orders of magnitude,
the overall correspondence is good. For explosions on the surface the magnitude of the
crater-radius parameters (see fig. 19(a)) are in excellent agreement, but as the burial
depth is increased, the curves for the small-scale tests rise relatively fast and then fall
off at a relatively small charge depth. In a similar manner, the crater depths and vol-
umes (see figs. 19(b) and 19(c)) for the small-scale tests in sand drop off at a relatively
small charge depth. This is particularly true of the crater depth. For values of the
charge-depth parameter greater than 8, the small-scale craters are seen to be much too
shallow, especially for the lower ratios of atmospheric to lithostatic pressure.

In figure 20, the faired crater-dimension curves for ground limestone (see fig. 5)
are compared to the large-scale alluvium cratering data. Except for surface bursts, the

pgd
much better than did the sand-cratering data. This is especially true for crater depths
at larger values of the charge-depth parameter. In figure 19(b) it may be observed that
the explosion of a 0.00082 kg charge in sand at a value of the charge-depth parameter of

upper boundary of the limestone data (L- = 0.1> correlates with large-scale alluvium data

16 and pressure ratio of 0.1 produced a crater having a scaled depth only half as great as
for the largest chemical explosion of 454 000 kg of TNT in alluvium at a comparable value
of the charge-depth parameter and pressure ratio. The value of the crater-depth param-
eter obtained in ground limestone under similar conditions approached the large-scale
results but is still somewhat less as are the crater-radius and crater-volume param-
eters. The greatest disparity between small-scale laboratory- and full-scale-test results
is noted for the largest explosion (90.8(10)6 kg of TNT) at a fourth-root scaled burial
depth of approximately 22 at which all of the small-scale crater-dimension parameters
are appreciably less than those for the largest full-scale explosion.

Although caution must be exercised in comparing nuclear and chemical-explosive
cratering results, it is considered likely that much of this remaining difference can be
attributed to improper scaling of the speed of sound in the test material. As noted pre-
viously, this failing also tends towards larger fourth-root scaled crater dimensions for
the larger charge weights. As related in reference 10, time histories of the velocities
of several surface targets were measured during the explosion of the 454 000 kg chemical
charge in alluvium. These results showed that spalling due to the reflected shock wave
at the surface imparted a velocity of approximately 22 m/s to the material at ground zero
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within a few milliseconds of detonation. After a brief period of free fall (350 ms) the
target was given a second boost by the expanding gases which accelerated it to a maxi-
mum velocity of 54 m/s at the end of 1.2 seconds. Although it is apparent that in this
instance gas acceleration is the major cratering mechanism, the energy given the ejecta
by the spalling action is of consequence. Since the mass of the nuclear charge at a value
of the charge~depth parameter of 22 is larger by a factor of 200 than the charge mass in
this illustrative case, the effects of spalling would be expected to be larger. In contrast,
high-speed motion pictures taken of the small-scale explosions at a value of the charge-
depth parameter of 16 and pressure ratio of 0.1 show only the faintest indication of an
initial velocity attributable to shock-induced particle motion.

Because of the paucity of large-scale test data, comparisons with small-scale tests
at higher ratios of atmospheric to lithostatic pressure are difficult except, perhaps, at a
ratio of 1.0. At this pressure ratio, scaled crater dimensions of the small-scale tests
appear to fall slightly beneath the large-scale alluvium test data.

Since crater dimensions in the mixture of 30 percent ground limestone and 70 per-
cent sand differed not greatly from those in ground limestone, comparison of crater
dimensions in the mixture with large-scale data is not shown. Of the three soils in which
the small-scale charges were detonated, the best correlation with large-scale crater
dimensions was obtained in the test medium having the lowest permeability to gas which

was ground limestone.

Effect of Gravity

In fourth-root scaling, crater dimensions vary inversely as the fourth root of the
gravitational acceleration. Although there is no reason to suspect any inadequacy of this
scaling, little has been done to verify it.

In reference 15, the effects of gravity on the size of explosive craters were investi-
gated by detonating small squibs and blasting caps in a bed of sand contained in an aircraft
flying a parabolic arc in such a manner as to simulate 0.17, 0.38, and 2.5 times the normal
acceleration due to gravity. Although qualitative effects of gravity were deduced from
these experiments, the tests were conducted at ambient pressure with the result that in
all cases the atmospheric pressure exceeded the lithostatic pressure by a factor of 20 or
more which is well above the range of general interest in extraterrestrial or terrestrial

field experiments.

Explosive cratering experiments are reported in reference 3 in which 25, 45, and
65 times the normal gravity were simulated by detonating small TNT charges (M = 0.0027
to 0.008 kg) in a container of sand mounted on a linear accelerator. Using experimental
data from this reference, the values of the fourth-root crater-dimension parameters have
been calculated and are compared with large-scale alluvium data in figure 21. These
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experiments were also conducted at ambient atmospheric pressure but because of the
high accelerations the range of values for the pressure ratio p/pgd is about the same
as for the 116-kg tests in alluvium, Comparison of the scaled crater dimensions at cor-
responding values of p/pgd shows excellent correlation thus indicating the adequacy of
the fourth-root method of scaling the effects of gravity.

For proper scaling of spalling effects it is necessary that the dimensionless ratio
c2/gd (Froude number) have the same value in cratering experiments. If it is assumed
that the sonic velocity in sand is comparable to that in alluvium, the values of the ratio
c2/gd for the high-g experiments of reference 3 will correspond more closely to those
of the large-scale alluvium tests than will the values of c2/gd for the 1-g tests of the
subject investigation, This improved modeling with respect to spalling effects may
account for the somewhat better correlation of the high-g and alluvium data than was
obtained between the small-scale 1-g data of the subject investigation and the alluvium
data.

Optimum Charge Depth Based on Crater Radius

For excavating a dry cohesionless soil the energy released by the explosive must
not only lift the mass of the ejecta (pgd3) a given distance (d) against gravity but must
also push the area of the expanding dome of ejecta (d2) a distance (d) against the atmo-
spheric pressure (p). For explosions in a loose dry soil the energy might be partitioned
as follows: '

M = C1pgd,? + Copd,3 (1)
where C; and C2 are constants and dy refers to the optimum burial depth based on

the crater radius. Rearranging equation (1), the optimum charge-depth parameter is
given by

1/4 (I/C 1>1/4
Pg _
r <M> ) 1/4 @

C
1 +——2— B
Cq pgdy

From the ground-limestone cratering data shown in figure 5(a), it is seen that for a
ratio of the atmospheric to lithostatic pressure equal to 0.1, the optimum value of the

charge-depth parameter for crater radius is approximately 17, while for B%i = 2, the

1/4

optimum value of d(pg/M) is approximately 9. Substituting these two sets of values
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into equation (2) and solving the resulting simultaneous equations gives values of
C1 = 4.54(10)-6 and Cg = 74(10)~6. Thus equation (1) becomes

M = 4.54(10)80ga, * + 74(10)~8pa, 3 3)

and equation (2),

1/4

og _ 21.6

d‘"(M) - p \I/4 )
<1+16.3 >

pgdy

Equation (4) is shown in graphical form by the solid curve of figure 22. Compari-
son of the optimum charge depth, as given by this curve, with the results in figures 5(a)
and 21(a) shows excellent agreement. For example, for a pressure ratio of 65 an
optimum value of 4 is indicated for the charge-depth parameter which correlates
very well with the data of reference 3 shown in figure 21(a). Similarly, the value of

1/4

dr(‘i‘%) = 10.4 for Eg_d =1 is in very good agreement with both the large-scale allu-

vium data and the high-g data. An optimum value of 15.8 is indicated for the charge-
depth parameter for a pressure ratio of 0.16 which would imply that the largest chemical
explosion in desert alluvium 454 000 kg of TNT was detonated very near the optimum
burial depth.

It is of significance to note that for ratios of the atmospheric to lithostatic pressure
in excess of 0.2, a nearly identical curve is obtained when the gravity term is omitted
from equation (3) (dashed curve of fig. 22) thus indicating the optimum burial depth for a
given charge depends only on the atmospheric pressure and is independent of the soil
density and the gravitational acceleration. This indication is borne out by the experi-
ments of reference 15 in which the same optimum burial depth (based on crater radius)
is reported for simulated gravitational accelerations 0.16, 0.38, 1, and 2.5 times the
acceleration at the surface of the earth. For cratering experiments conducted in a loose.
particulate soil and at standard atmospheric pressure conditions the optimum burial depth
for charges smaller than approximately 250 000 kg of TNT is then given by

dy = 0.5M1/3 (5)

It should be noted that only the optimum burial depth appears to vary with the cube root
of the charge weight; as pointed out previously, the crater dimensions do not.
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For explosive cratering at low atmospheric pressure <Ld = > such as found on the
pg

1/4
lunar and Martian surfaces, equation (4) would indicate dr(%%) / = 21,6, Until more

large-scale explosive cratering data at very low ratios of the atmospheric to lithostatic
pressure become available, however, a more conservative value of 18 might be in order
which is more in line with the small-scale results in limestone. Due to the flatness of
the crater-dimension curves versus charge-depth curves in the vicinity of the optimum
charge depth, this reduced burial depth should have only a minor effect on the resulting
crater dimensions. Burial of the charge at reduced depth has the advantage of being
easier to implement.

From the results of this investigation, the optimum value of the fourth-root burial-
depth parameter and corresponding crater-dimension parameters for small-scale charges
detonated in a fine particulate material under high vacuum, or for very large charges at
atmospheric pressure, would appear to be approximately as follows:

(o) <19 ¢
reg) " <o ®
V(e - sovo ®

Assuming a soil density of 1500 kg/m3, crater dimensions on the earth, Mars, and
the moon are given by

Earth (vacuﬁm) Mars Moon
dy 1.6m1/4 2.1 1/4 2.6M1/4
r 1.6Mm1/4 2. 1m%/4 2.6M1/4
h 0.8m/4 1.0m1/% 1.3m1/4
v 3.0Mm3/% | 6.1m3/4 11.4Mm3/4
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As noted, these dimensions are for a loose, particulate soil. For accurate small-
scale simulation of the explosion of a charge in bedrock or soil of appreciable strength,
it would be necessary to scale the strength and sonic velocity. A more direct approach
would be through the use of direct dimensional scaling (cube-root scaling) of identical
materials and simulating gravity forces by keeping the product.-of g and d constant
(refs. 2 and 3). Thus, the detonation of a 1-kg charge buried on the moon or Mars would
be simulated in a vacuum chamber on the earth's surface by the detonation of 0.00463 kg
and 0.055 kg buried 0.167 and 0.38 times as deep, respectively. Greater reduction in
scale could be realized through the use of a linear accelerator (ref. 3) or centrifuge
although Coriolis forces may rule out the use of the latter.

CONCLUSIONS

In view of the results of small-scale explosive-cratering experiments conducted in
a vacuum and the correlation of these and other laboratory test results with large-scale
field experiments, the following conclusions are deemed justified for explosive-cratering
operations in a loose, dry, particulate soil:

1. For surface explosions, atmospheric pressure has little effect on crater
dimensions.

2. At finite burial depths, the ratio of atmospheric to lithostatic pressure can be of
major importance in determining crater dimensions.

3. For cratering experiments conducted under standard atmospheric pressure and
gravity conditions, the atmosphere had a relatively greater effect on the small explosions
than on the large ones at a given value of the charge-depth parameter.

4, The optimum value of the burial-depth parameter varies widely depending on the
ratio of the atmospheric to lithostatic pressure.
5. For ratios of the atmospheric to lithostatic pressure in excess of 0.2, the opti-

mum burial depth for a given charge was found to be dependent only on the atmospheric
pressure and independent of the soil density and gravitational acceleration.

6. At corresponding values of the dimensionless ratio p/pgd, fourth-root scaling
correlated crater dimensions reasonably well over a range of charge masses of nearly
11 orders of magnitude.

7. The effects on crater dimensions of varying the effective gravitational accelera-
tion over a range of 65 to 1 were adequately accounted for by the use of fourth-root

scaling,
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8. Permeability of the three soils (sand, ground limestone, and a mixture of the
two) had an appreciable effect on crater dimensions.

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., June 23, 1971.
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APPENDIX
PROPERTIES OF TESTING MEDIA

As noted in the text, the cratering experiments were conducted in three media:
sand, ground limestone, and a mixture of the two (30 percent ground limestone by weight).
A summary of the properties of these media is given in the table below. Details of
these and other measurements are discussed in the following paragraphs. The moisture
content of the media was negligible due to a vacuum presoak of each of the soils before
initial testing.

Ground Mixture
Sand limestone | (30% limestone)

Particle density, G, kg/m3 . ... ... .. 2550 2710 2660

Apparent density, Gp, kg/m3 (dense) . . . 1650 1600 1680

Apparent density, Gp, kg/m3 (loose) . . . 1300 1020 1200

Apparent density, G, kg/m3 (in situ) . . . 1520 21450 1600

Void ratio = G~ - 1, (dense) . . . . . . ... 0.55 0.69 0.58
Ga

Void ratio =G - 1, (loose) . . . . . . ... 0.96 1.65 1.22
Ga

Void ratio = S— - 1, (in situ) . . . .. ... 0.68 0.87 0.66
Ga

Internal friction angle, ¢,deg . . . . . .. 33.0 36.5 34.0

Permeability to liquid, Kjjq, cm2 . . . . . 196(10)~9 | 0.20(10)-9 4.2(10)=9

aDensity for the 10 initial tests was 1240.

Particle Size

A sieve analysis was made of the sand used in the cratering experiments. In this
method of measuring particle size (refs. 16 and 17), the soil is sifted through successively
final square-mesh screens and the percentage of the total sample weight retained by each
screen is measured .accurately. The percentage coarser or finer is then plotted as a
function of particle size which is taken to be the size of the sieve opening. The results
for the sand are plotted in figure 23. The range of particle sizes measured would indi-
cate this to be a medium-fine sand. The uniformity of the particle size may be expressed
by the uniformity coefficient, Cu, which is the ratio of Dgg to Djg where Dgg is the
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APPENDIX - Continued

particle diameter at which 60 percent of the soil weight is finer and Djg is the corre-
sponding value at 10 percent finer as noted in figure 23. A soil is considered uniform if
the uniformity coefficient is less than 2. For the sand used in these experiments,

Sieve testing of the ground limestone used in the cratering experiments was not
practicable due to the extremely small particle size. Examination under a microscope
indicated individual particles ranging in size from 1 to 4 microns, most of which were a
part of loose clusters ranging in size up to about 200 microns.

Ultimate Friction Angle

The simplest method of obtaining a measure of a cohesionless soil's resistance to
shear is to measure its angle of repose. The maximum slope obtainable in a tilt box with
loose sand of these experiments was 33.5°. There was appreciable cohesion between the
small particles of ground limestone making it impossible to measure its angle of repose.
Instead, direct shear tests (refs. 16 and 17) were performed on the ground limestone as
well as the sand and the mixture of the two. In the direct shear test a normal force is
applied to a sample of the test soil by means of dead weights. The horizontal force
required to shear the sample is then recorded. For small strains the shearing stress is
very much dependent on the initial compaction of the soil but at larger strains the shearing
stress levels off to a constant value or ultimate shearing stress. In these tests only the
ultimate shearing stress was recorded. The ultimate shearing stress of each of the three
test media is plotted in figure 24 as a function of the normal stress. The resulting
fairings are linear and the ultimate friction angles are the angles bounded by these
straight lines and the horizontal. The friction angles for ground limestone and the mix-
ture are 36.5° and 349, respectively. The friction angle of 33° for the sand compares
well with its 33.5° angle of repose.

Permeability

As noted in reference 18, the standard unit of permeability of a porous medium to
fluids is the ""darcy," which is defined as the rate of flow in milliliters per second of a
fluid of 1 centipoise viscosity through a cross section of 1 square centimeter of a porous
medium under a pressure gradient of 1 atmosphere per centimeter and conditions of vis-
cous flow. In keeping with the SI system of units used in this paper, the permeability
constant K is given in units of cm2. The conversion factor to darcys is given by

10)% ¢

Darcys =4
arcys 5.86
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APPENDIX — Continued

The technique used to measure the permeability of the three test media to air is
illustrated in figure 25. Air from a pressure vessel flows through the test media into a
vessel at a lower initial pressure. By making the volumes of the two vessels equal, the
mean pressure across the specimen will remain constant as the differential pressure
declines. The permeability coefficient may be determined from the following equation.

Py
P
Ks— 2 (A1)
2Ap At
where
K permeability coefficient, cm2
W viscosity of fluid (air), N-s/cm?2
L length of porous media specimen, cm
Vp volume of each pressure vessel, cm3
A cross-~sectional area of test specimen, cm?
Pm arithmetic mean pressure across test specimen, N/ cm2
At time between differential pressure readings, s
Py pressure differential across test specimen at time tj, N/cm2
Py pressure differential across test specimen at time tg, N/cm2

In figure 26, the pressure differential across samples of each of the three cratering
media is plotted as a function of time for five values of the mean pressure p,,. For ‘
these tests the test specimens were packed as densely as possible to simulate the condi-
tions in close proximity to an explosion. For the ground limestone, the test specimen
was 13.7 cm in length by 20.25 cm? in cross-sectional area. As may be observed in fig-
ure 26(a), 10 minutes were required to obtain only a modest decline in differential pres-
sure. When the same specimen container was used for the sand-permeability measure-
ments, the flow through the specimen was so rapid that it was not possible to read the
manometer. For these tests, the specimen length was therefore increased to 142 cm and
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APPENDIX — Concluded

the cross-sectional area reduced to 1.98 cm?2. As may be seen in figure 26(d), this
modification results in a reasonable pressure decline rate. As a check on possible wall
effects, pressure declines for the mixture of limestone and sand were measured using
both specimen containers. The container of 1.98 cm?2 cross-sectional area was loaded
to only 2.54 cm of its 142-cm length in order to keep the pressure decline time at a
reasonable value.

The permeability coefficient was determined by use of equation (Al) for each of the
three cratering media for five values of the mean pressure. The results are given in
figure 27 where the permeability coefficient is plotted as a function of the reciprocal of
the mean pressure. When plotted in this manner, the data should fall along a straight
line which, when extrapolated to infinite mean pressure, indicates the permeability of the
test media to a liquid. It may be observed that the sand is three orders of magnitude
more permeable to a liquid than is the ground limestone.

As may be seen in figure 27(b), the permeability coefficients for the mixture of
limestone and sand in the two different containers are in very good agreement.

21



1.

2.

3.

10.

11,

12,

13.

14,

22

REFERENCES

Chabai, Albert J.: On Scaling Dimensions of Craters Produced by Buried Explosives.
J. Geophys. Res., vol. 70, no. 20, Oct. 15, 1965, pp. 5075-5098.

Sedov, Leonid Ivanovich (Merris Friedman, transl.): Similarity and Dimensional
Methods in Mechanics. Academic Press, Inc., 1959,

Viktorov, V. V.; and Stepenov, R. D. (Marcel I. Weinreich, transl.): Modeling of the
Action of an Explosion With Concentrated Charges in Uniform (Homogeneous)
Ground. SCL-T-392, Sandia Corp., 1961,

. Chabai, A. J.: Crater Scaling Laws for Desert Alluvium., SC-4391(RR), Sandia Corp.,

Dec. 1959.

. Murphey, B. F.; and Vortman, L, J.: High-Explosive Craters in Desert Alluvium,

Tuff, and Basalt. J. Geophys. Res., vol. 66, no. 10, Oct. 1961, pp. 3389-3404.

. Nordyke, M. D.: An Analysis of Cratering Data From Desert Alluvium. J. Geophys.

Res., vol. 67, no. 5, May 1962, pp. 1965~1974.

. Nordyke, M. D.; and Wray, W.: Cratering and Radioactivity Results From a Nuclear

Cratering Detonation in Basalt. J. Geophys. Res., vol. 69, no. 4, Feb. 15, 1964,
pp. 675-689.

. Vaile, R. B., Jr.: Pacific Craters and Scaling Laws. J. Geophys. Res., vol. 66,

no. 10, Oct. 1961, pp. 3413-3438.

. Violet, Charles E.: A Generalized Empirical Analysis of Cratering. J. Geophys.

Res., vol. 66, no. 10, Oct. 1961, pp. 3461-3470.

Nordyke, M. D.: Nuclear Craters and Preliminary Theory of the Mechanics of
Explosive Crater Formation. J. Geophys. Res., vol. 66, no. 10, Oct. 1961,
pp. 3439-3459.

Moore, H. J.: Craters Produced by Missile Impacts. Astrogeologic Studies —
Annual Progress Report, Pt. B, U.S. Dep. Interior, Nov. 1966, pp. 79-105.
(Available as NASA CR-82745.)

Anon.: Engineering Design Handbook — Properties of Explosives of Military Interest.
AMCP 706-1717, U,S. Army, Mar. 1967. (Available from DDC as AD 814 964.)

Land, Norman S.; and Clark, Leonard V.: Experimental Investigation of Jet Impinge-
ment on Surfaces of Fine Particles in a Vacuum Environment. NASA TN D-2633,
1965.

Scott, Ronald F.; and Ko, Hon-Yim: Transient Rocket-Engine Gas Flow in Soil.
ATAA J., vol. 6, no. 2, Feb, 1968, pp. 258-264.




15. Johnson, S, W.; Smith, J. A.; Franklin, E. G.; Moraski, L. K.; and Teal, D. J.:
Gravity and Atmospheric Pressure Effects on Crater Formation in Sand.
J. Geophys. Res., vol. 74, no. 20, Sept. 15, 1969, pp. 4838-4850.

16. Lambe, T. William; and Whitman, Robert V.: Soil Mechanics. John Wiley & Sons,
Inc., 1969,

17. Lambe, T. William: Soil Testing for Engineers. John Wiley & Sons, Inc., c.1951.

18. Biles, Martin B.; and Putnam, John A.: Use of a Consolidated Porous Medium for
Measurement of Flow Rate and Viscosity of Gases at Elevated Pressures and
Temperatures. NACA TN 2783, 1952.

23



Charge
depth,
d, cm

Atmospheric
pressure,

p, kN/m?

24

PROPPODDD BRADDHD RS ERE NRD 00O
OGN0 ULt WWWWLWW -0

e
eee
o o o

Crater
radius,
r, cm

TABLE I.- TABULATION OF CRATER DIMENSIONS

Crater
depth,
h, cm

—_
PRI DIRO PNOHO PRWLND I~ PIAD Bdw

Juny

[

Choh Womma® woo©

o DMNWW NOWRDOWDO MR oL

B DR OIS Rw B oo

Crater
volume,

v, cm3

Charge-depth
parameter,

d(pg/m) /4

PR NN M 00O

e 0OE®E®E® A NN O A
W W W NN TN htimt ~TJITTTTT-TJT WL 0OPDOCO i

b ok ok ok ok ok ok

bt ot
-
o Lo

Pressure
ratio,
p/pgd

Sand (p = 1520 kg/m3)

888

Crater-radius
parameter,

r(pg/M)/4

=

ek e et bd e ek ek et

IR LI NO-JODW BDOTWOD OO aw

e Ikt e
OB WD D .mz-l_w.wcnux HMMWWR OO 33

w

b hd bk b b ek et bk BN R v il ~ el vl ol
WRPD SPEOOOHHOID IO O PHENANIDD0OD D
NUON OWNIR DTN DO D ~JNNNN-JWD R~

e

Crater-depth
parameter,

h(og/M) /4

WODUIRIONG NOERND OB HNWE LW NO®

PESDO NN O PESODAN NENODO IRDHAN Ao WNN

OD PP RONONWDN CNOORD HoO®

1 v nlgmeo ohibaudbangos

Crater-volume
parameter,

Viog/M)3/4




Charge
depth,
d, cm

b 0 BN BN BN b bt
SEINEEEORO
W =T =T = N N

OONNNANNNNNNIAIN00®0
coanmamMdi b mon Do

20 G2 GO B3 DD DD B B B DI DI DD B = et et bt

mabdbbbbUGhhhaboosabhknhbovbDR D MW

G0 GO 03 3 €O £ €O 0D TN DI B I 0D DN 1N DD DO IND et sk ok ok ok b ok ok b b

Atmospheric
pressure,

p, kN/m?2

Crater
radius,
r, cm

10.8

2312
28.6
27.9
29.9

31

= DN DO = DD B DO DO B ket DI DD DN s s DD
WD A =ROIONPO R R NNNIDDNOD

B B9 DD

TABLE 1.- TABULATION OF CRATER DIMENSIONS — Concluded

Crater
depth,
h, cm

|l el
ko mGonom:

[y

oy
_cpfnmuxw»—awwcoo:

I el

e To It g
U\CDG’NJNNW(DHO}\’#—!@WHOCDHOCB

LGomvumobwkobdalikodom kI

Mixture of 30% ground limestone and

o
w

wivmibwoborhaaon

e e e b T et

—
U!NmmmdoﬁdwaHWmHOOmHNwNQOwHOOH»—-CDG)»&

vooasnhbivhonhowvlas

Crater
volume,

v, cm3

Loose ground limestone (p = 1240 kg/m3)

1160
4 530

Charge-depth
parameter,

dlpg/M)1/4

N b et et it
mASARSoNO
(3 R2RVER D B S N

™o
©
=)

Pressure
ratio

p/ped

o

Crater-radius
parameter 4

r(pg/M)V/'

Packed ground limestone (o = 1450 kg/m3)

820

764
650

3 900
3 600
7 520
6 340
4 810
10 210
8 580
8 000

wwm-:quq.h»&:h:h:h:h»—n—aﬂ:-ﬂwg_mo
btk et OO OO BB R BRI DNEOEOD

N0 DN DN b bbb b bt ok bk bbb Fb et et s

SRERRENENLmooe@nnnppoo
[ R Rt e K= R Rl I B R Rv =

DN DD B2 B2 DY BN DD bt pmt ot ok ok ok ok ok ok ok ok b ok b b ot
(D WD b bk ok ok b b b b e et et B P P

NNOOOO O -1-1=-1-1=1-3k ki

o0

0.10

838
=)

=]

Wk wWwo
= D O et €D bt

ow
15115

e
o
o

4.00

otk ek ek b bk ek ek ek ek ok ok ek et ek b b
WOADNNOROORDLNINENAND B
NWONANI N = UION-IRWHRNO D

70% sand (o = 1600 kg/m3)

6.7

6.7
12.2
11.1
15.3
13.3
12,3
16.3
14.8
14.2
12,7
11.0
17.3
14.5
14,5
13.1
10.5

NORRBOWHOADD
DI DI IO e e b i s 8O

ok ot ok ok ok ek ek b ek

Crater-depth
parameter 4

h(pg/M) 1/

Crater-volume
parameter,

Viog/M)3/4

LD @3 e
b 1 CO BN 1t CO =3O D

282

DD OPNWORIDL D D®W IS D

PR IDPAIBO AN I ID I

moalaoiviomenoon

PENREIINIIRNWW

UI(DGSQNOHQGWOO;MNO!U!WHOOHJH:D-‘IQ

25



9¢

2 —
4 M, kg TNT

116
1160
2270

18,160
454,000

1.09(10)

6
90.8(10)6} Nuclear

Crater-—
radius
parameter,

r(QE.)]'M

M »
m\2|1/4

ks (3)

kg TNT

o O1.2
[ 010
i 00.9 O¢.s
Oo.9
K Oo.8
1 L 1 I 1 l 1 I 1 l Il I 1 l i I
0 4 8 12 16 20 24 28 30
291/4
e (3)
Charge-depth parameter, d(23)1/4 ,
M kg TNT

Figure 1.- Apparent effect of the given ratios of the atmospheric to lithostatic pressure
on crater radii in alluvium.
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Figure 2.- Centrally initiated spherical charge.
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Figure 22.- Optimum scaled charge depth in dry particulate soil as a function of the ratio of the
atmospheric to lithostatic pressure.
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Figure 23.- Particle-size distribution curve for sand.
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Figure 26.- Pressure differential across samples of test media as a function of time
for several values of mean pressure,
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Figure 27.- Permeability of test media to air as a function of the mean pressure.
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